I. INTRODUCTION
Atmospheric emission measurements have been used to determine the total attenuation in rain on an earth-to-space path at the centimeter and millimeter wavelengths (Wilson, 1969 and A, the attenuation in decibels, is given by 4.34 To. In the atmosphere, the temperature changes with height, but not by a large percentage (typically less than 10%) in the region where most of the attenuation takes place. Thus, in practice, an effective medium temperature Tm is used, and Eq. (3) gives a good measure of the atmospheric attenuation, with errors typically less than I dB, in the range of attenuations less than 12 dB. Tm is substituted for the term T o in the equation.
In the presence of rain, scattering effects have to be taken into account at frequencies > 20 GHz when one interprets emission data to derive the total 5 o-7i q--ttenuation. The relative significance of the scattering effects can be seen in Fig. 1 , which shows the absorption-to-extinction ratio as a function of frequency in light-to-moderate rain, assuming a Marshall-Palmer 11948] dropsize distribution. Zavody [1974] showed that, at millimeter wavelengths, attenuations derived from emission observations can be significantly low if the attenuation in rain is assumed to be due only to absorption. Calculations of atmospheric emission in rain were made at 37, 72, and 110 GHz at three elevation angles, taking into account multiple scattering, including ground
contributions. An isothermal atmosphere (273 K) was assumed, with a 3-kmthick rain layer. The ground temperature was the same as the atmosphere. In the calculation, molecular -but not cloud -effects were included.
Chadha and Lane
[1977] used a sun-tracking 37-GHz radiometer to measure the attenuation during rain, first directly, using the sun as a source, and second, using emission measurements. The atmospheric model used in the calculations is shown in Fig. 2 . The nission temperatures are computed at zero height from a zenith direction,
The ground has unit emissivity at a temperature T . The atmospheric temg erature is T at h -0 and decreases linearly at a rate that gives a tem- Layer was assumed to be of infinite horizontal extent and the index of refraction of the rain droplets was given by the formula of Ray [1972] for liquid water at a temperature T -PTg + 273).
The procedure for calculating the emission temperature follows that given by Zavody [19741. The main differences are that in this report, a linear It is seen that there is a reasonably good agreement between the measurements and the predicted attenuations from this study.
The column marked a is the standard deviation of the Tm's in the attenuation range between 9 and 11 dB. At 10 and 16 GHz, the attenuations are less than 9 dB in all cases, and no entries for this parameter are given for these frequencies. The derivative d-gives the sensitivity of the derived attenuadA tion to errors in Tm. For Tm -m 2 7 3 K and A: 10 dB, jd-j 0.14 dB/K, indicating that for the conditions here, emission measurements can be used to determine atmospheric attenuations at EHF, i,. the range less than 10 dB, with standard errors less than 1 dB.
If the meteorological conditions encountered in practice generate Tm's with greater variabilities than those modeled in this study, the errors in the derived attenuations will be correspondingly greater. If this occurs, in order to improve the accuracy in the determination of the attenuation using emission measurements, the value of Tm will have to be more accurately deterp mined. Information about the rain rate, rain height, elevation angle, and cloud liquid-water content could be utilized. The elevation angle and surface rain rate are directly measurable, but the integrated rain rate, rain height, and cloud LWC can only be estimated indirectly. Estimates or perhaps bounds of the LWC, the rain height, and the integrated rain rate can be obtained from the surface rain rate and from statistical weather data of the particular geographic location, or from multifrequency emission measurements. Utilization of these data will decrease the errors in the attenuation by the determination of a better estimate of Tm in the radiometric relation.
There is one further correction that has to be applied, and that is for given by the standard deviation of Tm . The plots show a dependence on Tg for which a correction can be applied, and the statistics given will be derived for the cases where Tg -290.
For the meteorological conditions considered in this study, emission measurements can be used to determine the atmospheric attenuation in rain at EHF within I dB for zenith angles less than 70 degrees, and for attenuation levels less than 10 dB. In order to accomplish this, the parameter Tm in 
In Table 1 , the values of T 1 (f) derived for the stated meteorological conditions are listed. The attenuations for 220 GHz were greater than 10 dB in all cases, and the parameters for this frequency were not included in the table. The calculations show that if the radiometric relation given by Eq. (3) is to be used to determine the attenuation accurately in all conditions for a large range of attenuations, the parameter Tm, used in place of T o in Eq. (3), cannot be a constant, but is a function of frequency, rain rate, rain height, elevation angle, cloud cover, and ambient temperature. In practice, it would be desirable to have Tm dependent on as few parameters as possible, and in addition, these parameters should be measurable, or known quantities. Of the above quantities, the frequency, the elevation angle, and the ground temperature can be measured, whereas the integrated rain rate along the ray path, and the LWC in the clouds, are not directly measurable. So at most, Tm should be a function of frequency, zenith angle, and ground temperature. The errors in the attenuation derived from Eq. (3) arise from errors in the measurement of T and from using the wrong value of Tm in the radiometric formula.
With the present technology, well-designed radiometers at EHF have sensitivities and uncertainties in the absolute calibrations, which are less than 1 K for a one-second integration time. Therefore, the significant errors in 0 the attenuations derived from emission measurements will not arise from the measurements themselves, but rather from the variability in the measurement geometry and in the meteorological conditions, which factors determine the proper value of T. in the radiometric formula. For a given error in Tm, the error in the derived attenuation depends on the attenuation level. For example, for Tm -273 K, in using Eq. (3), a 5-K error in Tm gives errors of Z 0.05 dB, 0.65 dB, and 1.0 dB in the attenuation at levels of 2 dB, 10 dB,
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... ..............................--.......-.-........-........... • In rain, a fraction of the energy emitted by the absorbing particles directly at the radiometer gets scattered out of the path and does not contribute to the measured emission temperature. However, the rain also scatters *energy, including that from the ground, into the direct ray path, and the application of the radiometric formula for accurate attenuation measurements depends on the relative quantities of the two scattered energies described above, for different conditions. In typical meteorological conditions with rain, the emission temperature will be less than that obtained from a cmpletely absorbing medium with the same total attenuation. In other words, the contribution of all absorbers in the direct ray path, extincted by absorption (n) and scattering. The terms, T A (z), for n ),1, are the temperature contributions from energy scattered n times before it enters the antenna from the *zenith direction z. Included are the emissions from the cloud layer and * molecules above the rain, which get scattered within the rain layer.
T G)(z) are contributions resulting from ground emission multiply scattered bythe rain. In the summations, all temperature contributions greater than 0.1 K *are included.
At the higher frequencies and rain rates, up to eleven orders of scattering have to be taken into account. The computations were done in the following way. Given the physical properties of the rain, the scattering * coefficient at a point is a function of a single variable, the scattering angle y. This angle y, in turn, can be expressed as a function of three angles at the scatterer: 8, the angle between the zenith and the incident ray; C, the angle between the zenith and the scattered ray; and #, the azimuthal angle between the incident and scattered ray. The scattering coefficient is then made independent of *by integrating over 2wr, and is designated by S(8,C).
In the multiple-scattering computations, the function S(6,C) is used over and over again, and the computational time was reduced by the following * procedure. S(8,C) is a smooth function and is evaluated every 10 deg in both If emission measurements are used to determine atmospheric attenuation at EHF in rain, scattering effects must be taken into account when applying the radiometric formula to derive the attenuations. In order to obtain the attenuation from the radiometric formula in all conditions for a large range of attenuations, the effective medium temperature T, cannot be a constant but is a function of frequency, rain rate, rain height, elevation angle, cloud cover, and ambient temperature. However, for applications requiring the determination of attenuations less than 10 dB with accuracies of the order of I dB, the use of a Tm in the radiometric formula which is a simple function of frequency and ground temperature will suffice, at least for the conditions considered in this study. The results are in agreement with reported measurements. ...,,..,. ..,...,..,................ .... 
